Band 28 a Zeitschrift für Naturforschung Heft 10
Introduction
The non-equilibrium collisional alignment of the rotational angular momenta in a molecular gas is indicated directly by the flow birefringence1,2 and indirectly by the influence of magnetic and electric fields on the transport properties -the SenftlebenBeenakker effect3,4. These phenomena have been extensively studied in the last decade from the experimental5 as well as from the theoretical6,7 side. However, several attempts to observe an influence of a magnetic field on the transport properties of monatomic gases failed8. This is not surprising because all monatomic gases studied so far consisted of atoms without an orbital electron angular momentum H L. For these atoms, e.g. Na or Cs, the electron cloud is spherically symmetric and thus also the interaction potential is essentially spherical if the small magnetic dipole-dipole inter action between the electron spins is disregarded; i.e. the spin is practically not influenced in a scatter ing process.
The situation should be different for atomic vapors consisting of atoms with non-vanishing orbital angular momentum because then the "shape" of the atom and consequently the inter atomic potential is nonspherical. If the fine struc ture energy splitting is very large compared with T practically all atoms are in the ground state. Then, as far as transport properties are concerned, Reprint requests to Dr. W. E. Köhler, Institut für Theo retische Physik der Universität Erlangen-Nürnberg, D-8520 Erlangen, Glückstraße 6. the atoms can be considered as particles with spin (single level system) provided that the total angular momentum J = L -j-S is nonzero. Here S is the total intrinsic electronic spin operator in units of h. Examples of this type would be gases of T1(2P i/2), I ( 2P3/2), Te(3P2) atoms at temperatu res below 2500 K. The kinetic theory for gases of particles with spin has been developed a decade ago9,10. No experimental observations of nonequilibrium alignment phenomena, however, have been reported for these gases. This is also true for o-H2 at very low temperatures where only the rotational state j = 1 is occupied11.
The magnitude of nonequilibrium alignment phenomena can be expected to be larger for multiple level systems12 realized by gases of atoms with a smaller fine structure energy splitting. In particular, the flow birefringence and the Senftleben-Beenakker effect of the viscosity are larger if energetically inelastic collisions occur frequently enough. The Senftleben-Beenakker effect of the heat conductivity is larger if a significant internal energy flux exists. This requires that a considerable fraction of the atoms is in an excited state. The simplest atoms for which a flow birefringence or a Senftleben-Beenakker effect of an observable magnitude can be expected are the 2P atoms: B, Al, Ga. The fine structure energy separation between the 2Pi/2 ground state and the first excited 2P3/2 state is relatively small such that at temperatures above 1000 K a significant fraction (about 50% for Ga at 1600 K) of the atoms is in the j -3/2 state. These atoms can be tensor polarized, i.e. the average value (over a single particle distribution) of the irreducible tensor operator < J J ) built up from the com ponents of J = L + S {L = 1, 8 = 1/2) is differ ent from zero if a flow velocity field v(x) is present. A vector polarization (which also could exist for the j = 1/2 particles) cannot occur because it is an axial vector which does not couple (by means of the collisions) to the polar vectors (e.g. heat fluxes) which can exist in a nonequilibrium state because of the parity invariance of the interaction.
A collision induced tensor polarization of 2P3/2 atoms has been observed accidentally by Toschek13 with a beam of Ga atoms emerging from an oven at 1600 K. The alignment decreased with increasing temperature. A detailed analysis of this experiment has not been given. Further experiments on colli sional alignment produced by a streaming field, flow birefringence, and field effects on the transport properties of such atomic vapors are desirable. Besides for the gases of 2P atoms mentioned above, a study of nonequilibrium alignment phenomena might be promising for gases of Sc, La (2D), 0, S, Se (3P) and Fe (&D).
The present paper deals with the kinetic theory of collisional alignment. The linearized WaldmannSnider equation14»15 is used to derive an expression for the tensor polarization caused by a flow field. In general, one is interested in the atoms with a particular total angular momentum j. Thus, the Waldmann-Snider equation is considered as a quantum mechanical Boltzmann equation for react ing mixtures. The components of the mixture are the atoms in the different /-states. The possibility of reations is contained in the collision term, the reactions consist in a change of j in a collision. It should be noted that a mixture conception of the Waldmann-Snider equation has also been exposed in a paper of Coope and Snider16 but in their "un coupled model" these authors neglect the occurence of reactions, i.e. inelastic collisions. In general, this is an appealing but unrealistic simplification. With the help of the moment method10-17>18 the trans port relaxation equations governing the alignment problem are derived from the linearized WaldmannSnider equation. The tensor polarization of the atoms in the state j is proportional to the dimensionless friction pressure tensor in a stationary state. The coefficient of proportionality is determined by a ratio of collision integrals of the linearized Wald mann-Snider collision term. This is explicated in detail for the j = 1/2, 3/2 two level system. The collision integrals depend crucially on that part of the binary scattering amplitude which is connected with the nonsphericity of the interatomic potential. A reasonable ansatz is made for the nonspherical interaction between 2P atoms. The scattering amplitude is calculated in first order Born approxi mation which may be valid for high enough tem peratures and small nonsphericity. The contribution of the magnetic dipole-dipole interaction is negli gible; the expressions for the collision integrals can then be simplified considerably. A simple expression is found for the proportionality coefficient men tioned above which is linear in the dimensionless fine structure energy splitting AE/IcbT as well as dependent on the ratio of two effective reorienta tion cross sections for the tensor polarization which describe elastic and inelastic collisions, respectively. Within the Born approximation (also in distorted wave Born approximation, cf. Ref. 12) the alignment vanishes if only energetically elastic collisions occur. The temperature dependence of the alignment is discussed and its magnitude is estimated for Ga at 1600 K, 1 Torr and a velocity gradient of 5 X 102 sec-1 (achievable with laminar flow between rotating cylinders). It is of the order of magnitude of 10-4. Thus optical methods like flow birefringence should be used for the detection rather than a Stern-Gerlach experiment. The connection of the irreducible part of the dielectric tensor describing flow birefringence with the tensor polarization is elucidated. Finally some remarks are made on the Toschek experiment. The nonequilibrium distribution operator p is defined by fH t,x,c) = P f f ( t,x ,c ,J ) P 1 , (
where J is the operator for the total internal angular momentum with eigenstates | jm ) of <72 and J z and
is the projection operator on the subspace charac terized by the eigenvalue j(j + 1 ) of J 2. The equilibrium distribution /o^ is given by
• exp { -mc2\2kBT0) g j x P i.
(1.4)
In Eq. (1.4), no is the equilibrium particle number density and gj = 2j + 1 is the degree of degener acy of the level assigned with j, and pj = gj exp { -E (j)/kB T0}I2 gj exp { -E (;j)/kB To)
( 1.5) is the occupation probability of the state with quantum number j in equilibrium. Clearly, the equilibrium particle density no (j) of atoms in the state j is no (j ) = no pj = tTj J fl (c) d3c , (1 The linearized collision term co(0)jl can be de composed in the mixture form :
where co(0)j* is still an operator acting in ji-space (the operator property is denoted by a superscript ji) but a c-number in j2-space (denoted by sub script j 2). It is expressed by
In Eq. (1.9) fo{c2) is defined by the equation fl(c2) = fo(c2) P jQ i1 P '; 0 W = ®h'{cx',t , x), etc., and g' = g'e' = (cx -c2') is the relative velocity before the collision (primed quantities always refer to the situation before the collision, the unprimed ones to the situation after the collision). The quantity ailh-jl''2' (g,e,e') is the single channel scattering amplitude (matrix with respect to the magnetic quantum numbers) which describes the collision process + j2 -> -f The scattering amplitude in the forward direction is denoted by o(0).
Transport-Relaxation Equations
For the treatment of the flow induced alignment the operator 01 is expanded into a sum of orthonormal tensors built up from the molecular velocity c and the operator J. Their average values are the macroscopic variables appropriate for the problem considered:
The tensors appearing in Eq. (1.10) have the follow ing physical meanings: determines the flow velocity which is assumed to be independent of j since it is considered to be produced by some external arrangement (rotating cylinders) and does not couple by means of collisions with other variables. Finally, the tensor <4>T)y = aT(?) (1.14)
is proportional to the tensor polarization < J J^j of the subset of atoms with total angular momentum j. The tensor polarization is connected with the occupation probabilities of the magnetic substates iV(ra) by
where h is a unit vector in the direction of the axis of quantization. The expansion tensors (1.11) are normalized according to <***,>o = <5*iA, < 0 0 / o = 8 .
( 1.16) where 5 is the second rank unit tensor and A is a fourth rank isotropic tensor with elements Anv,xX = \ (d^x + ^11). bvy) -3 b/uv which projects out the irreducible part of an arbitrary second rank tensor; k, I -rj, T. The bracket symbol <*">o denotes an equilibrium average
In most treatments of the Senftleben-Beenakker effect6,7 in molecular gases macroscopic variables are used which are averages of the quantities used above over the rotational states, e.g.
&T{t,x) = 2 p /a T (?,*»*)• (1.18) i Here, however, only averages within a /-subspace appear, i.e. in essence a mixture theory is presented. The atoms with different j could, in principle, be separated in a beam by means of inhomogeneous magnetic or electric fields19. Similar considerations regarding the averaging within a /-subset have been made by Coope and Snider16 but in their "un coupled model' they neglect the reactions, i.e. the inelastic collisions (where / changes). As we shall see later, this neglect is extremely unrealistic for our case.
Inserting now the expansion, Eq. (1.10), into (1.7), multiplying Eq. (1.7) with the different expansion tensors (1.11), taking the equilibrium average (1.17), observing (1.16) and applying the optical theorem for the scattering amplitude in the collision term (1.9) we obtain the following moment equations (the variables t, x are omitted for simplicity): The separation into gain and loss collision terms is obvious in Eq. (1.21). The collision integrals appear ing in Eq. (1.21) are independent of the particle number density and given by
For Q \f, merely Op' has to be replaced by 4>/2'. Similarly one has
For Q^i, Op has to be replaced by O p . From (1.22), (1.23) it can be seen that for a purely spherical potential the collision integrals Q vt , Q tv vanish since tr O t -0. In this case Q v does not depend on the /-quantum numbers. Thus, in this "spherical approximation", each of the av(j) obeys the same equation independent of / and can then be taken to be equal for all /'s (not true for a i (/)!)• The spherical approximation in Eq. (1.19) works if the nonspherical part of the interatomic potential is small compared with the spherical part (which is assumed to be fulfilled here). Then the Eqs. (1.19), (1.20) reduce in the stationary state for a /-independent a" to ,-dv Ph>a, + / 2 . = 0 , ( 24) {ßTaT};i + QtvUi) a" = 0,
The Eq. (1.25) provides as many coupled linear equations for the sltH) as j values are present. They can easily be solved in order to obtain the tensor polarization of the respective ^'-subset.
If we consider as a special case the two level system j = 1/2, 3/2 (fine structure dublett in B, Al, Ga) we have aT(j = 1/2) = 0, aT(j = 3/2) = j/f <77>y=3/2 • (1.27)
The tensor polarization of the j = 3/2 atoms is, according to (1.25), given by <iV>;=3/2 = -P flm f I j t l n o ü^t l^' d / a . f j V )
The connection with the occupation numbers N(m) can easily be obtained from Eq. (1.15):
Equation (1.28) can be simplified considerably if special assumptions are made for binary scattering amplitude matrix.
II. Interaction Potential, Scattering Amplitude and Cross Sections for 2P-Atoms
Interaction Potential
The simplest atoms for which a collisional align ment can be expected are the 2P-atoms in the first excited state with j = 3/2 (fine structure splitting). For the nonspherical interaction potential between 2P-atoms the following simple ansatz (which is in accordance with rotational and parity invariance) is made:
In Eq. (2.1), x = r x is the vector connecting the centers of mass of both atoms, L is the operator of the electronic orbital angular momentum (L -1) and S is the total electron spin operator (S -1/2). 
'2. Scattering Amplitude in Bom Approximation
For temperatures high enough (which are necessary for a high enough population of the j = 3/2 level; for Ga, T > 1500 K) the first Born approximation may be used to calculate the scattering amplitude from the potential Equation (2.1). Although this approximation is some what questionable for the spherical part it should work for the nonspherical part which is assumed to be small. I t will be shown in the following that the collisional alignment is determined solely by the nonspherical part of the potential within the Born approximation. The single channel scattering amplitude matrix describing the transitions be tween eigenstates of the total angular momentum J = L S can be written as m-19. is an eigenstate of J 2, J z, L2, S2. In operator form is a Projection operator into the /-subspace. In (with respect to magnetic quantum numbers), Ecls-(2-3)' <2-5)' is the reduced mass and' on Eq. (2.3) can be rewritten as mi2 n k>) = 2 ti h2 V k \p n n y p n n j k'y , (2.5) the energy shell, the wave numbers k and k' are connected by h2k2l2m12 + E (h) + E (j2) = % 2 k'2\2m\2 + E (h ') + E (j2') . (2.7)
For the further treatment (evaluation of spin traces occurring in the expressions of cross sections) it is very useful to introduce the Cartesian tensor operators T^', defined in Refs. 12»20 which describe the transitions in /-space. Using some Racah algebra we find P i Lß p r = A (j, /') T »', p i Sß p y = A'(j, /') p r , P i Lß Lv p y = B (/, /') T%, with A (j,j') = 1/2(2/ + 1 )(2 /'+ 1) ( -W( 1 1 / / '; 1 A '( j,f) = | / 2 ( 2 / + 1 )(2/-+ 1) ( -J f ( H ? f ; 1 1), /') = }/(2/ + 1)(2/' + 1) ( -1)3/2-;' i jj>; 2 i ) .
(2.8)
The 1F(---) are Racah coefficients which contain the selection rules. Thus one obtains for the magnetic dipole-dipole term P hh (xT(Ä2 P h'h' = C (h j2, h ' t i ) Thh' ThW > (2.10a) with C(ji j2,j i t i ) = 9l A (/i, h ') A (j2, j 2') + glA '{ji, /i') A'(j2, j 2') + ( j u t i ) A'(j2, j 2') + A (/2, j2') A '( h ,h ') ) . (2.10b)
For the evaluation of (2.5) also the following matrix elements are needed: Bo Ro (For Cd,d (q) , Vi has merely to be replaced by -3 ju^ in (2.14)).
In the Eqs. (2.13), (2.14) a cutoff radius i?o has been introduced to account for the hard-core like behavior of the repulsive interaction for small distances. Using the Eqs. (2.1), (2.5) -(2.14) we obtain the Born approximation expression for the single channel scattering amplitude matrix: ah h .h 'lt'fc k') = a0(q) P hh dhh' bhj\ (2.15) + M v {b(q) B (j\, j \ ) T^y pi* + (1 ,2 ) interchanged + cd.d (q) C(jx j2, j x' j2') T^' ?*>'«'} .
Simultaneous /-transitions in both atoms are solely caused bjT the magnetic dipole-dipole interaction.
Orientation and Reorientation Cross Sections
The scattering amplitude Eq. (2.15) is now used to calculate the molecular orientation and reorientation cross sections for the tensor polarization occurring in the collision integrals Eqs. (1.22) 
Note that j\ = 3/2 and that for j x -ji = 3/2 the second term of the r.h.s. of (2.16) vanishes since the corresponding Racah coefficient is zero. Clearly, the "orientation cross section tensor" (2.16) vanishes for a purely spherical interaction. Since one has q = (rai2/Ä) (g e -g' e'), the elastic part of (2.16) is a tensor symmetric in e and e'. Similarly, the reorientation cross section determining Q^1' is : If the contribution of the magnetic dipole-dipole term in the nonspherical interaction (2.1) is small compared with the other terms then the terms proportional to c\, d can be neglected in the cross sections (2.16) -(2.20). In tis case the following simplifications are achieved:
The Eqs. (2.21) to (2.23) are very useful for a calculation of the collision integrals since, e.g., the j2-and ^'-summations can then easily be performed.
Next, it is demonstrated (for Ga atoms at 1600 K as example) that the magnetic dipole-dipole inter action is indeed negligible. At 1600 K, the thermal momentum transfer (for a representative scattering angle of 90°), q = }/2mknWjh* is of the order of 102 A-1. Since the cutoff radius Bo (hard sphere diameter) is of the order 1 A the dimensionless quantity q • Bo is of the order of 102. For an order of magnitude consideration the integral defining Cd,d is roughly estimated by replacing sin(gi?0), cos (q Bq) by unity and by neglecting terms pro portional to (gi?o)-1 compared with unity (the angular momentum coefficients are also of order unity). Then one finds ä dl " ~ 10-1 (m ix\\K2)2(q ■ i?0)-2 • (2.24) Since {rnju'^/h2) is of the order 1 A, <7d, a is of the order IO-3 A2. This is a very small value compared with reorientation cross sections due to the nonspherical electron distribution obtained from collisional broadening of spectral lines21 which are of the order of 10 A2. Furthermore, this is supported by the fact that the effective reorientation cross section is of order A2 at room temperature22,23 even for a molecule with very small nonsphericity of the interaction like HD. For 2P atoms the orienta tion and reorientation cross sections can be expected to be at least of the same order of magnitude. Thus the magnetic dipole-dipole contribution to those cross sections can surely be neglected.
III. Theoretical Results and
Experimental Aspects occur only in the combination as in Equation (2.23 Since AE ( = E{ji = 3/2) -E (ji = 1/2) here, i.e. equal to the fine structure splitting) is zero for energetically elastic collisions and since in (3.6) appears as a factor, the collision integral Q t7 ] vanishes unless inelastic collisions occur. According to Eq. (1.28) also the collisional alignment is zero in Born approximation if only elastic collisions occur. This statement remains true even for the distorted wave Born approximation. This is the reason why "uncoupled" elastic model of Coope and Snider16 is useless for our case. The collision integrals are proportional to the total particle number density no. I t is therefore useful to factorize them in the following way ( a .. are effective cross sections depending only on To) Ü . . = novo a . ., The subscript "inel" refers to the 1/2->3/2 collisions while the subscript "el" refers to the elastic 3/2 -> 3/2 collisions. Also the effective coup ling cross section is positive because of the remark able identity Eq. (3.10) which is valid in Born approximation.
Flow Induced Tensor Polarization
Insertion of the cross sections (3.9) -(3.11) into Eq. (1.28) yields the following expression for the tensor polarization of the j = 3/2 atoms caused by the friction pressure tensor p : <fJ>J=3/2 (3.12) 1 1 AE = ~y 2 V oH T o (5 + 2^,el/cTT,inel)-1P.
The alignment is directly proportional to the dimensionless fine structure energy splitting. The connection (1.24) between the friction pressure tensor p and the velocity gradient tensor is, in spherical approximation, given by the well known relation dv p = -2rj -; rj = polQ[sph), ß f ph) = no a<fph) (3.13) where ^sph) can be expressed in terms of a Chap man-Cowling integral: ß^sph) = ® no i?(2'2). Since Qv is proportional to the equilibrium pressure po, the viscosity r\ is pressure independent. Thus the tensor polarization (3.12) is inversely proportional to the pressure po.
The temperature dependence of the alignment can be estimated as follows: Inserting (3.13) into (3.12) we see that the temperature behavior is determined by the temperature dependence of [p*{To)VoOn{To){5 + 2(TT)ei (^K i n e l^o ) ] -1.
The ratio of elastic and inelastic effective relaxation cross sections (in the following abbreviated with ß) can be assumed to be only weakly temperature dependent. For the high temperatures considered the cross section (Jn{To) is practically constant (hard spheres). Since vq ~ \/To, thete mperature dependence of (3.12) is in good approximation determined by that of (po(To) /T o )-1-Since in any case po increases with temperature the align ment will decrease with increasing temperature. For experiments performed such that po{To) is the phase coexistence pressure one has a strong temperature dependence of the effect. This is in qualitative agreement with Toschek's results. Next, an estimate is given for the magnitude of the tensor polarization, i.e. the quantity As an example, Ga atoms at 1600 K will be con sidered. For this temperature about 50% will be in the first excited state j -3/2. The pressure po shall be 1 torr which corresponds to the steam pressure at this temperature. (For smaller pressures, the mean free path becomes comparable with the dimensions of the vessel and Knudsen effects will be important). The magnitude G of the velocity gradient is introduced by dv G = h h . ox The ratio ß can be expected to be of order unity.
Thus the alignment will be of order IO-4 for a Couette flow arrangement. For much larger gradients as they may occur in effusive flow an alignment of the order of IO-2 can be expected. In the latter case it could be detected in a SternGerlach apparatus. Much smaller alignments are detectable with optical methods, e.g. flow bire fringence 2.
Flow Birefringence
The connection between flow birefringence and flow induced alignment is discussed in this section. The occupation probability of the j -3/2 state is given by 2>(3/2) (3.18)
= 2 e x p { -AE/kBT0}/(i + 2 e x p { -AE/kBTo).
Using Eqs. (3.15) -(3.18) we obtain the irreducible part of the electric permeability tensor as I = (2tiI3) no (j = 3/2) a'< j7 > ,= 3/2 • (3. 19) It is proportional to the magnitude of the tensor polarization and to the number density of atoms in the excited state. The relative change of the index of refraction1, dv, (with respect to JE-vectors parallel to the two respective major axes of the velocity gradient tensor which are perpendicular to the direction of light propagation) is then proi -----1 portional to <(J eJe )• Here, e is one of those major axes (for the other one only the sign changes in the case of the flow between rotating cylinders). Thus, a measurement of b v yields also the flow induced alignment if the polarizability a' is known.
Conclusion
Higher values for the alignment could be achieved with atomic beams emerging from nozzles or from an oven. This is the case in the Toschek experiment. But this experiment is not suitable for a comparison with the above results since the effusion conditions are not known. If, nevertheless, the experimental result (the measured tensor polarization varied between 1% and 10% and decreased with increasing temperature) is com pared with Eq. (3.12) one finds that the tempera ture behavior is reproduced qualitatively in the right way. Furthermore a magnitude cJvz/ dz = G ~ 105 sec-1 ez is the direction of flow) at the exit of the oven can be estimated from the experimental value of ^(1 ) -X (\)/(N (I) + N (\)). It is assumed thereby that the mean free path of the atoms outside the oven is so large that collisions are negligible and the tensor polarization is practically convectively transported from the oven to the Stern-Gerlach analyzing magnet (H J_ ez).
To summarize shortly, the following statement can be made: A flow field causes a tensorpolarization of atoms by means of collisions if j Sä 1 and the interatomic potential is nonspherical. The alignment will be small for an incompressible viscous flow but detectable with optical methods. It decreases with increasing temperature. I t is desirable to perform experiments in order to obtain information on atomic orientation and reorientation cross sections for the total internal angular momen tum.
